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Abstract 
Aims — Decreased expression of TaNAM genes by RNAi 
results in delayed senescence and decreased grain pro-
tein, iron, and zinc concentrations. Here, we determined 
whether NAM expression level alters onset of senescence 
under stress conditions, whether delayed senescence in 
the TaNAM-RNAi line resulted in improved tolerance to 
post-anthesis abiotic stress, and determined the effects of 
post-anthesis abiotic stress on N and mineral remobiliza-
tion and partitioning to grain. 
Methods — Greenhouse-grown WT and TaNAM-RNAi 
wheat were characterized in two studies: three levels of 
N fertility or water limitation during grain fill. Studies 
were conducted under both optimal and heat stress tem-
peratures. Senescence onset was determined by monitor-
ing flag leaf chlorophyll. 
Results — Under optimal temperatures, TaNAM-RNAi 
plants had a yield advantage at lower N. TaNAM-RNAi 
plants had delayed senescence relative to the WT and 
lower grain protein and mineral concentrations, N remo-
bilization efficiency, and partitioning of N and most min-
erals to grain. 
Conclusions — Nutritional quality of TaNAM-RNAi grain 
was consistently lower than WT. Delayed senescence of 
TaNAM-RNAi plants provided a yield advantage under 
optimal temperatures but not under water or heat stress. 
Discovery of specific NAM protein targets may allow 
separation of the delayed senescence and nutrient parti-
tioning traits, which could be used for improvement of 
wheat. 
Keywords: Wheat, grain mineral concentration, 
senescence, stress    
Introduction  
Grain yield and grain protein concentration are 
two principal targets of most hard wheat breeding 
programs. In addition to protein, staple crops also 
supply minerals for the human diet. The World 
Health Organization (WHO) reports that over 2 
billion people are anemic (de Benoist et al. 2008), 
largely due to iron deficiency in their diets. In de-
veloping countries, 40 % of preschool children are 
estimated to be anemic. Iron deficiency anemia 
leads to impaired cognitive and physical develop-
ment and reduced work productivity, and is a con-
tributing factor to 20 % of maternal deaths. The 
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WHO also estimates the global frequency of Zn de-
ficiency to be 31 % and extrapolates that the loss of 
disability-adjusted life years from Zn deficiency, 
globally, is over 28 million. Zinc deficiency contrib-
utes significantly to the mortality of children world-
wide, although the problem is most severe in Af-
rica, the Eastern Mediterranean, and southeast 
Asia (Black et al. 2008). Wheat grain protein, iron 
and zinc concentrations generally are positively 
correlated (Cakmak et al. 2004; Gomez-Becerra et 
al. 2010a, b; Morgounov et al. 2007; Murphy et al. 
2011), which will facilitate simultaneous improve-
ment of multiple minerals in wheat (Karami et al. 
2009; Welch and Graham 2004). 
Nitrogen (N) use by cereal crops to produce grain 
protein involves multiple processes, including up-
take, assimilation, translocation, and remobilization. 
Grain N is supplied from N taken up post-anthesis 
and also from pre-anthesis stored N that is remobi-
lized (Bogard et al. 2010; Kichey et al. 2007). A sub-
stantial percentage of the protein in wheat grain is 
supplied by amino acids remobilized from vegeta-
tive tissue (Barneix 2007; Gregersen et al. 2008; Mas-
claux-Daubresse et al. 2008) during leaf senescence 
(Hopkins et al. 2007). The proportion of grain N de-
rived from remobilization of stored N has ranged 
from 45 to 95 % (Bogard et al. 2010; Ercoli et al. 2008, 
2010; Kichey et al. 2007; Masoni et al. 2007; Waters et 
al. 2009). Likewise, Fe and Zn are remobilized from 
vegetative tissues in several species (Drossopoulos 
et al. 1996; Hocking 1994; Hocking and Pate 1977; 
Miller et al. 1994; Waters and Grusak 2008). 
During leaf senescence, photosynthetic capacity 
decreases, metabolism and gene expression change 
markedly, and the leaf transitions from a sink to 
source tissue. Chloroplasts and proteins are disas-
sembled, and the resulting amino acids scavenged 
(Lim et al. 2007). A number of genes have decreased 
expression during senescence, while others are 
more highly or specifically expressed during leaf se-
nescence (Gepstein et al. 2003), and are known as se-
nescence associated genes (SAGs). Mineral element 
remobilization, which herein is defined as the net 
loss of stored mineral content from an organ over 
time, is directly or indirectly associated with expres-
sion of SAGs (Gregersen et al. 2008), although func-
tionality, with respect to mineral remobilization, 
has been assigned to only a few SAGs (Masclaux-
Daubresse et al. 2008, 2010). Leaf senescence can 
be initiated prematurely by plant stresses such as 
heat stress, drought, and nutrient deficiency. Some 
SAGs are expressed under both natural and stress-
induced senescence, while others are expressed ex-
clusively during specific senescence conditions (Bu-
chanan-Wollaston et al. 2005; Van der Graaff et al. 
2006). Avoidance of leaf senescence during drought 
stress, a phenotype known as stay-green, is associ-
ated with grain yield in maize, wheat, and sorghum 
(Harris et al. 2007; Snape et al. 2007; Thomas and 
Howarth 2000; Zheng et al. 2009). 
Correlations between onset of senescence and 
grain protein concentration (GPC) and between on-
set of senescence and grain yield vary depending on 
environmental conditions (Bogard et al. 2011). The 
relationship between senescence and grain protein 
concentration is particularly evident in the wheat 
Grain Protein Content (Gpc)-B1 QTL on chromosome 
6BS (Kade et al. 2005; Uauy et al. 2006a). Using map-
based cloning in a Triticum turgidum ssp. durum × T. 
turgidum ssp. diccocoides genotype, the Gpc-B1 QTL 
was identified as a NAC transcription factor, NAM-
B1 (Uauy et al. 2006b). Members of the large family 
of NAC transcription factors have roles in plant de-
velopment, abiotic stress, and biotic stress responses 
(reviewed by (Nakashima et al. 2012)). Overexpres-
sion of some NAC family genes have resulted in im-
proved tolerance to abiotic stresses (Mao et al. 2012; 
Xue et al. 2011). Alleles containing a 1-bp inser-
tion or a deletion of NAM-B1 predominate in culti-
vated wheat varieties (Asplund et al. 2010; Uauy et 
al. 2006b). Introgression of a functional Gpc-B1 al-
lele increased grain protein concentration (Brevis et 
al. 2010) as well as grain Fe, Mn, and Zn concentra-
tion (Distelfeld et al. 2007). Conversely, decreased 
expression of the four endogenous wheat NAM-B1 
family genes TaNAM-A1, D1, B2, and D2, (which 
were upregulated in flag leaves rapidly after anthe-
sis), using a TaNAM-RNA interference (RNAi) con-
struct, resulted in delayed senescence (Uauy et al. 
2006b). Therefore, these genes likely act early in the 
regulatory pathway of developmental senescence. 
TaNAM-RNAi also decreased N remobilization and 
N partitioning to developing grain (Waters et al. 
2009). Although grain weight was not significantly 
affected by TaNAM-RNAi expression, protein, iron, 
and zinc concentrations were significantly lower in 
grain from TaNAM-RNAi plants (Uauy et al. 2006b; 
Waters et al. 2009). 
The previous studies that characterized the senes-
cence effects of the TaNAM-RNAi on wheat plants 
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were performed under optimal conditions of temper-
ature, available moisture, and N-sufficiency. How-
ever, the effects of the TaNAM-RNAi trait have not 
been evaluated in plants grown under stress condi-
tions. Additionally, since N supply substantially in-
fluences N efficiency (Górny et al. 2011), experiments 
evaluating the effects of the TaNAM-RNAi trait on N 
dynamics under sub-optimal N supply were needed. 
Moreover, mineral uptake is intimately connected 
with nutrient and moisture availability, as well as 
climatic conditions (Karami et al. 2009). For example, 
N availability has been shown to have effects on up-
take and translocation of other grain minerals. Iron 
and zinc concentration of wheat grain, and Zn and 
Fe uptake and remobilization were substantially in-
creased by improved N fertility (Aciksoz et al. 2011; 
Cakmak et al. 2010; Erenoglu et al. 2010; Kutman et 
al. 2010, 2011a; b; Shi et al. 2010). 
Efforts to improve the nutrient use efficiency of 
crop plants are motivated by economic factors (e.g. 
increasing fertilizer costs), and by recognition of det-
rimental environmental effects of excess fertilizer 
use. Genetic variation for grain protein concentration 
appears to be particularly associated with post-an-
thesis N uptake (Bogard et al. 2010). Genetic variabil-
ity for N remobilization efficiency has been observed 
in wheat within existing varieties (Bogard et al. 2010; 
Kichey et al. 2007; Van Sanford and MacKown 1987), 
and alterations in N remobilization efficiency in the 
TaNAM-RNAi line (Waters et al. 2009) indicate that 
there are metabolic processes that could potentially 
be targeted to improve this trait. Next Generation Se-
quencing of the GPC-RNAi and WT transcriptomes 
12 days after anthesis, when NAM gene expression 
was decreased by 35 % relative to WT, revealed 691 
genes that were differentially regulated by the NAM 
genes (Cantu et al. 2011), some of which may be in-
volved with regulating senescence and N and min-
eral translocation to seeds. 
Here, we address three primary objectives. The 
first objective was to determine whether expression 
level of NAM genes alters onset of senescence under 
stress conditions that induce premature senescence. 
A second objective was to determine whether de-
layed senescence in the TaNAM-RNAi line results in 
improved tolerance (in terms of yield) to post-anthe-
sis abiotic stress. A third objective was to determine 
the effects of post-anthesis abiotic stress (heat, wa-
ter, and low N stress) on N and mineral remobiliza-
tion and partitioning to grain.  
Materials and methods  
Plant materials and growth  
Seeds of WT hexaploid spring wheat cv. ‘Bob-
white’ and the TaNAM-RNAi line were generously 
provided by Jorge Dubcovsky (University of Cal-
ifornia-Davis, Davis, CA, USA). Six seeds were 
planted per pot (3 seeds TaNAM-RNAi, 3 seeds WT) 
in 2.2 kg 1:1 soil: sand in clay containers 15 cm deep, 
16 cm diameter at the top and 10 cm diameter at the 
bottom. Seedlings were later thinned to 2 plants of 
each line, for a total of 4 plants per pot. Treatments 
were assigned randomly to pots. At least 6 pots (12 
plants of each genotype) were assigned to each treat-
ment. Plants were grown in a greenhouse with sup-
plemental lighting to provide a 16 h photoperiod. 
Two studies were conducted, a fertility response 
study and a moisture stress study. The fertility re-
sponse study was a factorial arrangement of a com-
pletely randomized design where the factors were 
genotype (WT, TaNAM-RNAi) and fertility treat-
ment (3 levels). Fertility treatment levels were se-
lected to represent full fertility and two levels of 
reduced fertility (moderate and severe), with the se-
vere deficiency meant to induce premature senes-
cence. All treatments in the fertility response study 
were well-watered. The moisture stress study was 
conducted as a factorial arrangement of a com-
pletely randomized design where the factors were 
genotype (WT, TaNAM-RNAi) and post-anthesis 
applied irrigation (moisture stress, well-watered). 
Plants in the moisture stress studies were fertilized 
at the highest rate used in the fertility studies. The 
studies were conducted in two environments. En-
vironment 1 was a heat stress regime: day temper-
atures were set for 27–31 °C, night temperatures at 
21–24 °C. Environment 2 was an optimal tempera-
ture regime: day temperatures were set for 18–24 °C, 
night temperatures for 13–18 °C. 
Fertilization was supplied in a nutrient solution 
containing 0.5 mM MgSO4, 1 mM CaCl2, 0.1 mM 
NaH2PO4, with N supplied as KNO3 at rates indi-
cated below. Fertility treatments were initiated with 
a uniform base application 33 and 28 DAP in en-
vironments 1 and 2, respectively. Three differen-
tial fertility treatments were applied (0, 43.75, or 
87.5 mg N per application) at 4–6, 11–13, and 16–
20 d after the base application. Fertility treatments 
were completed 1 and 4 days prior to anthesis of 
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the first plants in environments 1 and 2, respec-
tively. Total N applied to the three treatments was 
35 mg, 166 mg, and 298 mg pot−1. Soil test data in-
dicated that potting soil provided an additional 
35 mg of N to each pot, and as there were four 
plants per plot, available N was estimated as a 
combined (soil + applied) total of 17.5, 61.25, and 
105 mg N per plant. Containers in the fertility stud-
ies received 250 ml water each 2 d from anthesis 
until the conclusion the experiment. For the mois-
ture stress study, differential irrigation treatments 
were applied to plants beginning with the first ir-
rigation during anthesis. Two treatments (moisture 
stress = 150 ml water, well-watered = 250 ml water) 
were applied each 2 d from anthesis until the con-
clusion the experiment. 
Tissue sampling  
Above ground tissue of 6 plants of each genotype 
and treatment were harvested at anthesis. At matu-
rity, spikes and vegetative tissues were harvested 
separately from at least six plants of each genotype 
and treatment. Plant samples were dried in a dry-
ing oven at 60 C for at least 48 h. Grains were re-
moved from spikes, then spikes were pooled with 
vegetative tissues from the same plant. Spikes less 
grain are considered vegetative tissues for the pur-
poses of this study. Tiller number, plant and seed 
dry weight and kernel number were recorded. Til-
lers were ground in a Wiley mill, while seeds were 
ground in a coffee grinder for analysis of mineral 
composition and N analysis. Mineral concentra-
tions were determined by ICP-MS following diges-
tion of tissues in nitric acid/hydrogen peroxide as 
described previously (Waters and Grusak 2008). N 
was determined by combustion analyses using a 
Costech Analytical ECS 4010 (Costech Analytical 
Technologies, Valencia, CA). Protein concentration 
was calculated as N × 5.7. 
Senescence was monitored by the decrease in rel-
ative leaf chlorophyll of flag leaves using a hand-
held SPAD-502Plus chlorophyll meter (Konica Mi-
nolta, Japan). Means of 10 readings were recorded 
from 6 plants for each treatment and genotype 
through 42 days after anthesis (DAA) in the heat 
stress environment and through 38 DAA in optimal 
temperature environment in the fertility studies, 
and through 30 DAA in the irrigation studies.  
Real-time RT-PCR  
Total RNA was extracted from node, pedun-
cle, lower leaf, stem, and spike tissues at anthesis, 
and from node, rachis, peduncle, senescing lower 
leaf, green lower leaf, flag leaf, florets + grain, and 
stem tissues at 14 DAA using the Aurum Total RNA 
Fatty and Fibrous Tissue kit (Bio-Rad, Hercules, CA, 
USA). RNA quality and concentration was deter-
mined by UV spectrophotometry. One μg of DN-
ase-treated RNA (RNase-free DNase I, New Eng-
land Biolabs, Ipswich, MA, USA) was used for 
cDNA synthesis, using the High Capacity cDNA 
Reverse Transcription kit (ABI, Foster City, CA, 
USA) with random hexamers at 2.5 μM final con-
centration. Real-time RT-PCR primers and condi-
tions were based on those of a previous study (Uauy 
et al. 2006b). cDNA corresponding to 50 ng of total 
RNA was used in a 15 μL real-time PCR reaction 
performed in a MyIQ (Bio-Rad, Hercules, CA, USA) 
thermal cycler using SYBR GreenER qPCR Super-
Mix (Invitrogen Technology, Carlsbad, CA, USA) 
and 0.2 μM of gene-specific primers (see below). The 
following standard thermal profile was used for all 
PCRs: 50 °C for 2 min, 95 °C for 8 min; 40 cycles of 
95 °C for 15 s and 60 °C for 30 s. At the end of each 
reaction, a dissociation curve was performed to en-
sure primer specificity. The Ct values for all genes 
were calculated using BioRad IQ5 System Software 
version 2.0 (Bio-Rad, Hercules, CA, USA) and nor-
malized to the Ct value of actin using the equation 
Y = 2−ΔCt , where ΔCt = Ct UBQ10 −Ct target gene . The PCR 
efficiency from the exponential phase (E) was cal-
culated for each individual amplification plot using 
the equation (1 + E) = 10slope calculated by the Lin-
RegPCR program (Ramakers et al. 2003). PCR effi-
ciency ranged from 97 to 99.5 %, with correlation co-
efficient (r 2) ranging from 0.98 to 1.0. The calculated 
PCR efficiency was then used to normalize each ob-
tained Ct value. The primer sequences used for ac-
tin, NAM-A1, −D1, −B2, and −D2 were described 
previously (Uauy et al. 2006b).  
Calculations  
Vegetative N content (per plant): N concentration 
(mg g−1) x Vegetative tissue dry weight (g plant−1) 
Harvest index (HI): Seed yield (dw)/(seed yield + 
above ground vegetative tissue dry weight) 
Nutrient Harvest index: Seed nutrient content 
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(mg plant−1)/Whole plant nutrient content (mg 
plant−1) 
Net Remobilization: Plant mineral or N content at 
anthesis (mg spike−1) − Vegetative content at ma-
turity (mg spike−1) 
Remobilization Efficiency: 100 × Net remobiliza-
tion/Plant mineral or N content at anthesis 
Post-anthesis N Accumulation (PANA): Whole 
plant content at maturity (mg plant−1) − Plant con-
tent at anthesis (mg plant−1) 
Normalized Partitioning Quotient (PQ): 100 
x(Nutrient harvest index/Harvest index)/Exper-
imental Mean  
Statistical analysis  
Data were analyzed by analysis of variance using 
PROC GLIMMIX in SAS. Growth in each environ-
ment was conducted for one season; therefore tests 
of environment effects could not be made. Residual 
variances in the two environments were highly het-
erogenous (p < 0.001) in both the fertility and mois-
ture stress studies for the key traits of plant DW, 
seed DW, and seed number. Therefore, environ-
ments could not be combined for statistical analysis 
and separate analyses were conducted of each study 
in each environment. Main effects of treatment and 
linear and quadratic effects of fertility rate, and their 
interactions with the main effect of genotype, were 
tested using Type I sums of squares. Least squares 
adjusted means are presented in tables, and mean 
differences (net remobilization, PANA) were esti-
mated using LSMESTIMATE in PROC GLM.  
Results  
Senescence effects of NAM expression  
In a previous study, wheat NAM genes were up-
regulated rapidly after anthesis, however, expres-
sion was quantified only in flag leaves (Uauy et 
al. 2006b). Since other tissues (i.e. spike, pedun-
cle, lower leaves) also exhibit delayed monocar-
pic senescence in the TaNAM-RNAi line, we tested 
whether the NAM genes were expressed in other tis-
sues in wild-type hexaploid spring wheat. By real-
time RT-PCR, no or very little mRNA for NAM-A1, 
−D1, −D2, and −B2 was detected in nodes, pedun-
cles, green lower leaves, flag leaf, stem, or whole 
spike in pre-anthesis wheat plants (Figure 1, inset). 
In plants 14 d later, during grain fill, expression was 
still low in the rachis and florets + grain of the spike, 
the peduncle, stem, and green lower leaves. Expres-
sion of NAM-A1, −D1, and −B2 were slightly higher 
in green lower leaves, stem, and nodes, and moder-
ately expressed in senescing lower leaves. High lev-
els of expression were observed for all four NAM 
genes in flag leaf during grain fill.  
SPAD meter readings of flag leaf chlorophyll 
were used to monitor senescence (Figure 2), and 
demonstrated the previously described phenotypic 
difference in timing of senescence onset between 
Figure 1. Expression of NAM genes in 
wild-type wheat tissues, normalized 
to actin. Inset shows NAM-A1, −D1, −
D2, and −B2 quantification by real-time 
RT-PCR at anthesis. The main panel 
shows expression of the same genes at 
14 DAA.   
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Figure 2. Flag leaf chlorophyll levels of TaNAM-RNAi and WT wheat plants determined by a Minolta SPAD me-
ter. a–d: fertility study; 17.5, 61.25, and 105 refer to mg N supply per plant. a, TaNAM-RNAi plants grown in the heat 
stress environment; b, TaNAM-RNAi plants grown in the optimal temperature environment; c, WT plants grown in 
the heat stress environment; d, WT plants grown in the optimal temperature environment. e and f: moisture stress 
study; 150 and 250 refer to volumes of water supplied every 2 d. e, TaNAM-RNAi and WT plants grown under heat 
stress; f, TaNAM-RNAi and WT plants grown under optimal temperatures.  
n u t r i e n t  p a r t i t i o n i n G  a n d  G r a i n  y i e l d  o f  t a naM -rna i  W h e a t  u n d e r  a b i o t i c  S t r e S S   579
the TaNAM-RNAi and WT plants. In both environ-
ments, chlorophyll degradation was initiated ear-
lier in WT plants than in TaNAM-RNAi plants. 
Senescence was earliest in plants of the low N treat-
ments. Low N RNAi plants had 20 % lower chloro-
phyll at 37 d under heat stress (Figure 2a) and 38 d 
under optimal temperatures (Figure 2b), while WT 
low N plants had 20 % decreased chlorophyll at 24 
d under the heat stress regime (Figure 2c) and 25 d 
under optimal temperatures (Figure 2d). TaNAM-
RNAi plants of intermediate and high N treatments 
had lost less than 20 % of their chlorophyll concen-
tration at the end of the experiment, while WT in-
termediate and high N lost 20 % of chlorophyll at 30 
d in the heat stress environment and 28 d in the op-
timal temperature environment. Thus, heat stress 
did not accelerate senescence of either WT or Ta-
NAM-RNAi at low or intermediate N supply. High 
N WT plants lost 20 % of chlorophyll at 30 d in the 
heat stress environment, while they senesced later 
under optimal temperatures, at 35 d. The moisture 
stress studies were imposed at the high N rate only, 
and because of more rapid senescence, were termi-
nated sooner than the fertility studies. Under heat 
stress at 20 d after anthesis, flag leaf chlorophyll in 
moisture stress treated WT plants had decreased by 
52 % (Figure 2e); under optimal temperatures, it had 
decreased by 14 % (Figure 2f). In contrast, flag leaf 
chlorophyll was unchanged in TaNAM-RNAi plants 
under both heat and optimal environments. At 30 d, 
WT plants had 86 % lower chlorophyll in the heat 
stress environment with moisture stress and 68 % 
lower under optimal temperatures with moisture 
stress. In comparison, chlorophyll in flag leaves of 
RNAi plants decreased 36 % in the heat stress envi-
ronment with moisture stress and 27 % under mois-
ture stress in the optimal temperature environment.  
WT vs RNAi in heat stress and optimal 
environments  
The fertility studies were conducted under well-
watered conditions; therefore effects of environment 
were not confounded with effects of moisture limi-
tation in these studies. The responses of genotypes 
to environments are discussed first, averaged across 
N treatments, and specific interactions with fertil-
ity will be discussed below. Heat stress and opti-
mal temperature environments produced substan-
tial differences in seed yield in the fertility studies 
(Table 1). Plants grown in the optimal temperature 
environments had vegetative mass approximately 
3 times larger (data not shown), and 5 times the 
seed yield of plants grown in the heat stress envi-
ronment, averaged over N treatments (Table 1). The 
heat stress environment diminished tiller number: 
these plants produced only primary tillers, whereas 
under the optimal temperature environment in Exp 
2, the RNAi and WT plants averaged 3.0 and 2.7 til-
lers, respectively. The diminished tillering in the 
heat stress environment did not fully explain the ef-
fects of the high temperature environment on grain 
yield. Grain yields per spike of TaNAM-RNAi and 
WT plants in the heat stress environment were 58 % 
and 56 %, respectively, of grain yield per spike in the 
optimal temperature environment, resulting from 
fewer seeds per spike under heat stress. The overall 
effect of genotype on seed yield was consistent and 
significant in the fertility studies (Table 1). In both 
experiments, TaNAM-RNAi plants produced sig-
nificantly greater seed yield, with more seeds than 
WT, and with heavier seeds in heat stress environ-
ment (Table 1). The yield harvest index of WT, how-
ever, was greater than TaNAM-RNAi in both envi-
ronments, because of greater vegetative biomass in 
the TaNAM-RNAi plants. Fertility treatments signif-
icantly affected kernel weight in both environments 
(Table 1). Under the heat stress environment, ker-
nel weight was maximized by intermediate fertility 
(Figure 3); however, under optimal temperatures, 
kernel weight was lowest at intermediate fertility. 
Seed protein concentration of TaNAM-RNAi 
was significantly lower than WT in both environ-
ments (Table 2, Figure 4). Despite increased seed 
yield of TaNAM-RNAi plants, WT plants had sig-
nificantly greater total quantities of seed N (Ta-
ble 2). Averaged across N treatments, N remobiliza-
tion efficiencies were lower in TaNAM-RNAi than 
WT plants, at 19.4 % v. 42.3 %, respectively, under 
heat stress, and 59.1 % v. 74.9 %, respectively, un-
der optimal temperatures (Table 2), although due to 
variability this difference was not statistically sig-
nificant in the optimal temperature environment. 
Partitioning of N to seeds, measured as N har-
vest index, was greater in WT plants in both envi-
ronments. Because treatments affected plant mor-
phology and grain harvest index, the partitioning 
quotient (ratio of NHI/HI) was used to compare ni-
trogen use efficiency (NUE) among treatments. Par-
titioning quotients were normalized to the mean of 
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the study to facilitate discussion of relative effects of 
treatments on nutrient use efficiency (as per (Mas-
claux-Daubresse and Chardon 2011)). The normal-
ized partitioning quotient (NPQ) for N of the WT 
was >100 in under both heat stress and optimal tem-
perature environments, while the NPQ of TaNAM-
RNAi was <100 under both heat stress and optimal 
temperature environments (Table 2), indicating that 
WT plants had greater NUE than the TaNAM-RNAi 
line plants under both environments. Concentra-
tions of minerals in vegetative tissues and contents 
for vegetative and seed tissues analyzed in the fer-
tility studies are included in Online Resource 1. The 
mineral concentrations of seeds (Table 3) grown in 
the optimal temperature environment were simi-
lar to the concentration in seeds grown in the heat 
stress environment. The concentration of most min-
erals was greater in seed of WT plants than in seed 
of TaNAM-RNAi plants in both environments, with 
the exception of K, which was lower in WT. The Ta-
NAM-RNAi genotype affected partitioning of min-
erals between reproductive and vegetative tissues. 
Similar to the N NPQ results, TaNAM-RNAi plants 
generally were less efficient in partitioning minerals 
into grain (NPQ < 100), while WT plants generally 
had NPQs > 100 (Figure 5). However, in both heat 
stress and optimal temperature environments, WT 
partitioned less K to grain in proportion to dry mat-
ter than the TaNAM-RNAi line.  
WT vs RNAi at differing N rates 
WT seed yield and seed quantity had second-or-
der responses to fertility when grown in the heat 
stress environment; however, seed yield and quan-
tity of TaNAM-RNAi plants was not affected by fer-
tility when grown under heat stress (Table 1, Fig-
ure 3). In the heat stress environment, fertility 
treatment did not affect seed protein concentration 
(Table 2, Figure 4). In contrast, in the optimal tem-
perature environment, N concentration in seed in-
creased linearly with increasing fertility. Seed pro-
tein concentration of the TaNAM-RNAi and WT 
genotypes responded similarly to fertility treat-
ments in both environments, although the TaNAM-
RNAi line had consistently much lower GPC (ap-
proximately 28 % lower) than WT. 
N fertility treatment affected N harvest index 
(NHI) and NPQ similarly in WT and TaNAM-RNAi 
plants in both environments (Table 2). Effects of 
fertility treatments were small relative to effects of 
genotype in both environments. Therefore, despite 
Table 1. Effect of genotype, TaNAM-RNAi or Wild-type (WT), on vegetative biomass and yield components in fertility studies 
conducted under heat stress and optimal temperature environments. Means are presented as the mean ± standard error
Genotype  Tiller no. Plant dwt  Seed no.  Seeds  Kernel wt Seed yield  Seed yield  Harvest
  per tiller (seeds plant−1) per spike (mg kernel−1) (g plant−1) (g spike−1) index
Heat stress environment
TaNAM-RNAi 1.0 1.32 ± 0.04 21.0 ± 0.8 21.0 ± 0.8 36.4 ± 0.4 0.76 ± 0.03 0.76 ± 0.03 0.365 ± 0.007
WT 1.0 0.97 ± 0.04 18.6 ± 0.8 18.6 ± 0.8 35.1 ± 0.4 0.66 ± 0.03 0.66 ± 0.03 0.400 ± 0.007
F-valuea 
 Genotype ns 38.5** 4.2* 4.2* 5.0* 5.5* 5.5* 11.1**
 Fertility Trt ns 7.6*(2) ns ns 12.2** (2) 4.4*(2) 4.4*(2) ns
 Geno × Fert ns ns 5.3*(2) 5.3*(2) ns 4.2*(2) 4.2*(2)  ns
Optimal temperature environment
TaNAM-RNAi 3.01 ± 0.12 1.58 ± 0.05 107 ± 5 36.0 ± 1.1 35.8 ± 0.5 3.78 ± 0.17 1.30 ± 0.04 0.452 ± 0.006
WT 2.74 ± 0.13 1.22 ± 0.05   88 ± 5 32.1 ± 1.1 35.0 ± 0.5 3.20 ± 0.18 1.16 ± 0.04 0.488 ± 0.007
F-value
 Genotype ns 26.0** 8.9* 5.9* ns 10.5** 5.4*  18.8**
 Fertility Trt 4.9*(1) ns ns ns 18.4**(2) 5.2*(1) ns ns
 Geno × Fert ns ns ns ns ns ns ns  4.6*(2)
a. The F-value was determined by analysis of variance. Values in parentheses after significant effects of fertility treatment indicate 
the highest order of the response (1 = linear; 2 = quadratic) to fertility treatment
* and ** indicate significance at p < 0.05 and 0.01, respectively; ns = non-significant
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varying responses to fertility treatment in the two en-
vironments, in both environments, TaNAM-RNAi 
plants partitioned less N to grain than WT plants. Ta-
NAM-RNAi plants consistently had lower net nitrogen 
remobilization efficiency than WT plants (Table 2). WT 
and TaNAM-RNAi plants had similar post-anthesis N 
accumulation (PANA) in each environment (Figure 5), 
which was affected by fertility treatment significantly 
in both environments. Similar to other rate responses 
in this experiment, PANA was at a maximum at the 
intermediate rate of N under heat stress. However, 
in optimal temperatures, PANA was relatively con-
stant at the two lowest N rates (41 to 47 mg plant−1), 
but was much greater (84 mg plant−1) at the highest N 
rate. Again, despite the differences in effects of fertility 
treatments in the two environments, PANA of the two 
genotypes responded similarly to fertility treatment 
across environments. 
Under the heat stress environment (Exp 1), fertility 
treatment interactions (across genotypes) were sig-
nificant for partitioning of all minerals (except Cu) to 
seed (Online Resource 2), with NPQ increasing (min-
eral utilization efficiency increasing) as N rate in-
creased. As exceptions, partitioning of Mn, Mo, and 
Cd decreased as N rate increased. The two genotypes 
responded similarly, except for S and Zn. Under the 
optimal temperature environment, partitioning of 
minerals to grain (across genotypes) increased with 
increasing N only for Mn, while partitioning of S was 
negatively correlated with N rate. There were signifi-
cant quadratic effects of fertility on partitioning of K, 
Fe, and Cu. In the TaNAM-RNAi line, as N increased 
mineral partitioning of Mg, Ca, Mn, Fe, Cu, Zn, and 
Cd tended to remain constant or decrease, while in 
the WT mineral partitioning was lowest at low N and 
was highest at the intermediate N rate. 
We observed decreased per tiller contents of Cu, 
Fe, P, and Zn at maturity, indicating remobiliza-
tion, in certain conditions. In the fertility study, in 
the heat stress environment both TaNAM-RNAi and 
WT plants remobilized Cu only under high N sup-
ply (Figure 7a), Fe accumulated in low N TaNAM-
RNAi plants and was remobilized in high and low 
N WT plants, and Zn was remobilized in high N 
WT plants. However, under optimal temperatures 
(Figs. 7b and d), both WT and RNAi plants remo-
bilized Fe, P, and Zn in almost all conditions, how-
ever, the TaNAM-RNAi line plants did not remobi-
lize Cu, and WT plants did not remobilize Cu under 
water limitation. 
Figure 3.  Grain yield and seed number and kernel mass 
of TaNAM-RNAi and WT wheat plants in the fertility 
study. a, grain yield; b, seed quantity per plant in the 
heat stress and optimal temperature environments; c, 
mass per kernel, averaged across genotypes. Asterisk in-
dicates that F-value is significant between genotypes at 
p < 0.05  
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Moisture stress 
In general, TaNAM-RNAi and WT plants re-
sponded similarly to post-anthesis moisture stress. 
The RNAi line accumulated greater vegetative DW 
than WT, but grain yields were not different be-
tween the genotypes. Therefore yield harvest index 
was greater in WT plants than TaNAM-RNAi plants 
in the heat stress environment (Table 4). Across gen-
otypes, moisture stress significantly reduced veg-
etative biomass in both temperature regimes. To-
tal grain yield and seed number were decreased by 
moisture stress only under optimal temperatures, 
while seed size was reduced by moisture deficit 
only in the heat stress environment. 
Total plant N content decreased with mois-
ture deficit in both environments, and genotypes 
responded similarly to moisture deficit (Table 5). 
Under optimal temperatures, seed protein concen-
tration of TaNAM-RNAi grain under moisture stress 
and well-watered treatments was 12.5 % and 12.0 %, 
respectively, while seed protein concentration of 
WT grain under moisture stress and well-watered 
conditions was 15.2 % and 17.0 %, respectively (Ta-
ble 5, Figure 4). Across genotypes, moisture deficit 
reduced NHI and normalized partitioning of N to 
grain (NPQ) in the heat stress environment, but did 
not affect NPQ or NHI under optimal temperatures. 
Mineral concentrations of seeds generally were 
decreased by moisture deficit in both environ-
ments (Online Resource 3). Seed mineral concen-
trations of the two genotypes generally responded 
similarly to water limitation. Similar to the fertility 
studies, WT plants utilized minerals more efficiently 
than TaNAM-RNAi plants: WT plants had min-
eral NPQ > 100, while TaNAM-RNAi plants gener-
ally had NPQ < 100 (Online Resource 4). In both heat 
stress and optimal temperature environments K was 
an exception, and had higher relative partitioning to 
grain in TaNAM-RNAi than in WT. In the heat stress 
environment, WT and RNAi lines responded differ-
ently, in terms of NPQ, to moisture stress for Mg, P, 
S, K, Ca, Fe, and Cd, while under optimal tempera-
tures genotypes responded differently only for S, K, 
and Cu. 
Discussion 
Senescence and yield under optimal and stress 
conditions 
Field-grown wheat in temperate climates com-
monly experiences stressful conditions during the 
grain filling period, including temperature stress, 
moisture stress, and nutrient deficiency. Climate 
change is expected to increase the frequency and se-
verity of heat stress and drought events (Ahuja et al. 
2010; Long and Ort 2010). Avoidance of senescence 
under stress (stay-green) has been associated with 
maintained yield in grain crops (Harris et al. 2007; 
Snape et al. 2007; Thomas and Howarth 2000; Zheng 
et al. 2009). Because the TaNAM-RNAi line exhibited 
delayed senescence in previous studies, we hypothe-
sized that this line may also have delayed senescence 
under stress conditions, which would potentially re-
sult in improved yield under stress. Senescence of 
Figure 4.  Grain protein concentration (GPC) of grain 
grown in heat stress and optimal temperature environ-
ments in fertility (a) and moisture stress (b) studies 
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TaNAM-RNAi plants was significantly delayed rel-
ative to WT plants in all optimal and stress condi-
tions, including low N, heat stress and water limi-
tation (Figure 2), suggesting that triggering of stress 
induced senescence may rely at least partially on el-
ements of the NAM gene regulatory network. Mois-
ture deficit in the heat stress environment substan-
tially accelerated senescence in WT plants, which 
had lost >50 % chlorophyll concentration when well-
watered WT plants were just beginning to senesce. 
TaNAM-RNAi plants also senesced earlier under the 
heat stress environment with moisture deficit com-
pared to when well-watered, but the effect of mois-
ture stress was modest relative to WT. However, the 
delayed senescence trait did not provide seed yield 
protection against post-anthesis moisture deficit (Ta-
bles 1 and 4). Under well-watered conditions, there 
was a yield advantage for the TaNAM-RNAi plants, 
as TaNAM-RNAi plants produced more and heavier 
seeds than the WT. A previous study also observed 
increased seed numbers in TaNAM-RNAi plants 
(Waters et al. 2009). The yield HI of WT, however, 
was greater than TaNAM-RNAi in well-watered 
plants under both heat stress and optimal tempera-
ture environments (Exp 1 and 2, Table 1), and under 
moisture stress in the heat stress environment (Exp 
1, Table 4). 
How does stress affect N utilization and GPC? 
Previous studies have reported higher wheat 
GPC under heat and/or moisture stress conditions 
(Correll et al. 1994; Ercoli et al. 2008, 2010; Good-
ing et al. 2003). In our experiments, the WT line 
Table 3. Effect of genotype, TaNAM-RNAi or Wild-type, on mineral concentrations in seeds of plants grown in greenhouse 
fertility studies conducted under heat stress and optimal temperature environments. Data are means over fertility treatments. 
ANOVA was used to test significance of genotype effects
 Concentration in Seed at Maturity
 Heat stress environment  Optimal temperature environment
 TaNAM-RNAi Wild-type TaNAM-RNAi Wild-type
Mg 1260 ± 30 1470 ± 30** 1520 ± 35 1586 ± 37
P 3040 ± 100 3880 ± 100** 3791 ± 107 4017 ± 115
S 1520 ± 40 1830 ± 40** 2084 ± 44 2291 ± 48**
K 4900 ± 80 4300 ± 70** 7105 ± 137 5647 ± 147**
Ca 501 ± 10 497 ± 10 685 ± 18 648 ± 19
Mn 42.0 ± 1.5 51.6 ± 1.4** 50.8 ± 1.9 54.8 ± 2.0
Fe 32.5 ± 1.7 48.5 ± 1.6** 34.4 ± 1.3 43.7 ± 1.4**
Cu 3.80 ± 0.14 4.84 ± 0.14** 3.75 ± 0.33 4.91 ± 0.36*
Zn 45.6 ± 2.2 56.2 ± 2.1** 34.9 ± 1.5 36.8 ± 1.6
Mo 0.834 ± 0.046 1.264 ± 0.045** 0.825 ± 0.035 1.123 ± 0.037**
Cd 0.148 ± 0.008 0.216 ± 0 008** 0.201 ± 0.013 0.257 ± 0.014**
* and ** indicate that F-value for genotype effect is significant at p < 0.05 and 0.01, respectively
Figure 5.  Normalized 
mineral partitioning 
quotients for TaNAM-
RNAi and WT 
wheat plants from 
heat stress (HS) and 
optimal temperature 
environments in the 
fertility study. *,** 
indicate that F-value 
is significant between 
genotypes at p < 0.05 and 
0.01, respectively
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consistently had higher GPC than the TaNAM-RNAi 
line (Tables 2 and 5, Figure 4), consistent with pre-
vious studies (Uauy et al. 2006b; Waters et al. 2009). 
The exceptionally high seed protein concentrations 
(>19 %) of WT seeds from the heat stress environ-
ment (Table 2, Figure 4) suggests that the second-or-
der effects observed may be a consequence of excess 
fertility application at the limited yield potential of 
the plants. The lower GPC in the TaNAM-RNAi line 
was not due to decreased pre-anthesis accumula-
tion of N (Tables 2 and 5), which was greater in the 
TaNAM-RNAi line or equivalent between the two 
lines. For N, heat stress has been shown to increase 
(Corbellini et al. 1997) or reduce remobilization (Er-
coli et al. 2010), while drought stress reduced re-
mobilization (Ercoli et al. 2008). Here, we observed 
that plants grown in the temperature stress envi-
ronment had reduced N remobilization efficiency 
in both fertility and moisture stress studies. Part of 
the decrease in GPC in TaNAM-RNAi grain relative 
to WT was attributed to decreased remobilization in 
prior work (Waters et al. 2009), and our results here 
are consistent with this hypothesis (Tables 2 and 5). 
While PANA was equivalent between WT and Ta-
NAM-RNAi lines (Figure 6), NHI and NPQ were 
diminished in the TaNAM-RNAi line, indicating 
that the TaNAM-RNAi line less effectively remo-
bilized vegetative N and translocated new N from 
vegetative tissues to grain. Under the high temper-
ature environment, plants that experienced mois-
ture stress had greater NHI and NPQ than well-
watered plants, but this relationship did not hold 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Post-anthesis N accumulation (PANA) in 
above-ground tissues of TaNAM-RNAi and WT wheat 
plants from heat stress and optimal temperature envi-
ronments in the fertility study. There were no significant 
differences between genotypes 
Table 5. Effect of genotype, TaNAM-RNAi or Wild-type (WT), and moisture availability on plant N related traits in two greenhouse 
studies conducted under heat stress (and optimal temperature environments. Means are presented as the mean ± standard error
Genotype  N Remobilization  Seed protein  Seed N  Whole plant  N Harvest  N Partition
 (mg · plant−1)a,  conc (%)  content  N content Index
 Efficiency (%)   (mg plant−1)  (mg plant−1) 
Heat stress environment
TaNAM-RNAi 4.7 ± 1.9, 15.9 % 13.2 ± 0.6 19.4 ± 1.5 44.3 ± 1.9 0.440 ± 0.018 85.9 ± 2.3
WT 20.7 ± 1.9, 63.3 % 18.0 ± 0.6 24.2 ± 1.5 36.2 ± 2.0 0.673 ± 0.019 115.7 ± 2.4
F-value (genotype) 36.7** 31.3** 5.2* 8.8** 81.7*** 82.4**
Moisture stress 16.9 ± 1.9, 54.3 % 15.3 ± 0.6 20.5 ± 1.5 34.7 ± 2.0 0.602 ± 0.019 105.0 ± 2.4
Well watered 8.5 ± 1.8, 27.3 % 15.9 ± 0.6 23.2 ± 1.5 45.9 ± 1.9 0.511 ± 0.017 96.6 ± 2.2
F-value (moisture) 10.4** 0.5 ns 1.7 ns 16.6*** 12.6** 6.6*
F-value  (geno x moisture) 0.4 ns 0.1 ns 0.6 ns 0.0 ns 0.1 ns 0.5 ns
Optimal temperature environment
TaNAM-RNAi 29.6 ± 1.6, 64.2 % 12.2 ± 0.4 64.4 ± 4.1 108 ± 5.2 0.598 ± 0.019 91.4 ± 2.8
WT 33.3 ± 1.6, 74.2 % 16.0 ± 0.3 75.1 ± 4.0 103 ± 5.0 0.707 ± 0.018 108.1 ± 2.7
F-value (genotype) 2.7 ns 61.3** 2.9 ns 0.5 ns 17.9*** 17.9***
Moisture stress 31.9 ± 1.6, 70.0 % 13.8 ± 0.3 55.0 ± 4.0 83.5 ± 5.0 0.647 ± 0.018 98.9 ± 2.7
Well watered 31.0 ± 1.6, 68.0 % 14.5 ± 0.4 83.6 ± 4.1 127.6 ± 5.3 0.659 ± 0.019 100.7 ± 2.9
F-value (moisture) 0.1 ns 2.0 ns 25.6** 36.8*** 0.2 ns 0.2 ns
F-value  (geno x moisture) 2.5 ns 5.3* 0.0 ns 1.6 ns 2.9 ns 2.9 ns
a. calculated on a per-tiller basis
* and ** indicate that F-value is significant at p < 0.05 and 0.01, respectively
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for plants in the optimal temperature environment 
(Table 5). At this point, it is not clear which specific 
gene products are needed to carry out partitioning, 
but it is clear that they are associated with senes-
cence. Accompanying the delayed senescence in the 
TaNAM-RNAi line is differential regulation of sev-
eral hundred genes (Cantu et al. 2011), which are 
not properly regulated in the TaNAM-RNAi line; it 
is likely that one or more of these genes are respon-
sible for N partitioning to grain. 
How does stress affect mineral partitioning? 
Remobilization patterns of Cu, Fe, and Zn were 
altered in the heat stress environment (Figure 7). 
Optimal temperatures produced more consistency 
between N treatments. WT plants remobilized more 
Cu and Fe than the TaNAM-RNAi line in fertility 
studies under optimal temperatures, but P and Zn 
remobilization was similar. The effects of moisture 
stress on mineral concentrations of wheat grain are 
not well defined. Water limitation significantly af-
fected grain ash concentration, with less ash at more 
severe water stress, and Mg concentration also was 
affected by drought, but not in a linear fashion (Zhu 
et al. 2008). In a study of 22 accessions of T. dicoccoi-
des, well-watered or water limited conditions pro-
duced differences in grain Fe and Zn, but some ac-
cessions had greater concentrations under water 
limitation while others had the opposite response 
to water limitation (Peleg et al. 2008). Collections 
of T. spelta and T. dicoccoides grown under different 
environments revealed that environmental effects 
were the greatest factor in grain mineral concentra-
tions (Gomez-Becerra et al. 2010a, b). Here, mois-
ture stress in the heat stress environment revealed 
differences in remobilization of not only Fe, but also 
P and Zn between genotypes (Figure 7). Similarly, 
Figure 7.  Remobilization of Cu, Fe, P and Zn from above-ground tissues of TaNAM-RNAi and WT wheat plants. a 
and b, fertility study; c and d, irrigation study. a and c, plants grown under heat stress conditions; b and d, plants 
grown under optimal temperatures. Negative values indicate net remobilization from vegetative tissues between an-
thesis and maturity. Asterisk indicates that F-value for mineral content change is significant, positive indicates that 
F-value for mineral content change is significant between genotypes at p < 0.05 
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in the fertility study, remobilization of minerals af-
fected the RNAi line greater than the WT in the 
heat stress environment. Thus, it appears likely that 
the lower remobilization capacity of the RNAi line 
is magnified by heat stress during the grain fill pe-
riod. The greater remobilization in the WT certainly 
would have contributed to differences in partition-
ing between vegetative tissues and grain. Similar 
to N, partitioning quotients for most minerals were 
lower in the RNAi line than in wild-type (Online Re-
source 4), suggesting that similar processes are used 
to partition N and minerals to grain during grain 
fill, and that knocking down NAM genes by RNAi 
influences these processes. Although we cannot di-
rectly compare the samples from the two environ-
ments, normalized PQ appeared to be largely un-
changed between the heat stress environment and 
optimal temperature environment (Figure 5). This 
is consistent with a previous study that showed de-
creased translocation of newly taken-up radiola-
beled Zn to grain in the TaNAM-RNAi line (Waters 
et al. 2009). A notable exception to this relationship 
was partitioning of K to grain, which was signifi-
cantly greater in the TaNAM-RNAi line than in the 
WT (Online Resource 4, Figure 5). Across genotypes, 
moisture stress altered NPQ of several minerals un-
der both optimal and heat stress temperature envi-
ronments, but there were few consistent patterns be-
tween the two environments (online Resource 4). 
Nutrient harvest indices of TaNAM-RNAi and WT 
plants generally responded similarly to heat and 
moisture stress. The heat stress environment tended 
to decrease mineral PQ in the fertility study (Online 
Resource 2, Figure 5). 
TaNAM-RNAi plants were larger overall, but had 
smaller quantities of nutrients partitioned to the 
grain, with similar or higher grain yield. The end re-
sult of this is a more dilute grain mineral density, as 
reflected in grain mineral concentrations (Table 3, 
Online Resource 3). In the fertility study, in the heat 
stress environment all minerals except Ca were sig-
nificantly different between genotypes, with all of 
these being lower in the TaNAM-RNAi line except 
for K, which was higher here and was higher in Ta-
NAM-RNAi grain in all other conditions as well 
(Online Resource 3). Under the optimal tempera-
ture regime in both the fertility and moisture stress 
studies, most mineral concentrations were greater in 
WT grain. These results are mostly consistent with 
results of previous evaluations of TaNAM-RNAi 
wheat (Uauy et al. 2006b; Waters et al. 2009) and ex-
tend the observations to stress conditions. However, 
in the previous studies, Zn concentration in Ta-
NAM-RNAi seed was lower than in WT seed, while 
here the concentration of Zn in seed of TaNAM-
RNAi plants was significantly lower only in the heat 
stress environment. When genotypes expressing the 
non-functional Gpc-B1 allele were compared with 
genotypes expressing the functional allele (Distel-
feld et al. 2007), only the concentrations of Fe, Mg, 
and Zn were significantly different. The remobili-
zation of Zn from vegetative tissues was previously 
shown to be lower in the RNAi line (Waters et al. 
2009), whereas here no differences were observed. 
The soil-sand mix employed in this study did not re-
ceive additional Zn fertilization, and soil Zn concen-
tration may have been too low to allow expression 
of differences previously observed. 
Several studies have shown that increasing N 
supply positively affected Fe and/or Zn uptake and 
grain Fe and/or Zn concentrations (Aciksoz et al. 
2011; Cakmak et al. 2010; Erenoglu et al. 2010; Good-
ing et al. 2012; Kutman et al. 2010, 2011a, 2012; b; Shi 
et al. 2010). In our fertility study, grain Fe was con-
sistently higher in WT than in RNAi, but Zn was 
higher only under the heat stress environment (Ta-
ble 3), and we did not observe increasing grain Fe 
and Zn with increasing N supply. Our results did 
show, however, that across genotypes, increasing N 
from the lowest rate resulted in improved nutrient 
use efficiency (NPQ) for both Fe and Zn in the heat 
stress fertility study, and increased nutrient use ef-
ficiency of Fe under optimal temperatures. The Ta-
NAM-RNAi and WT genotypes responded dif-
ferently to N supply for Zn PQ in both heat stress 
and optimal temperature environment, and for Fe 
PQ under optimal temperatures (Online Resource 
2). However, in regard to grain mineral concentra-
tions, in general, both genotypes responded simi-
larly to moisture stress, and relative mineral concen-
trations between the genotypes were maintained in 
both optimal temperature and heat stress environ-
ments (Online resource 3). Thus, the delayed senes-
cence of the RNAi line did not provide an advan-
tage in terms of grain mineral concentrations. 
Conclusions and future directions 
A previous study showed that NAM genes were 
upregulated rapidly after anthesis in flag leaves. 
n u t r i e n t  p a r t i t i o n i n G  a n d  G r a i n  y i e l d  o f  t a naM -rna i  W h e a t  u n d e r  a b i o t i c  S t r e S S   589
Here we show that the primary site of expression, 
at least in above-ground tissues, is the flag leaf, with 
some expression in senescing lower leaves (Fig-
ure 1). An unanswered question is how expression 
in flag leaf also controls senescence of peduncle 
and spike, which remained green in TaNAM-RNAi 
plants in previous studies and also this one. Nutri-
tional quality, in terms of mineral and protein con-
centration, was decreased in the TaNAM-RNAi 
grain here and in the prior studies. Part of this de-
crease results from reduced net remobilization of 
minerals and part results from lower partitioning 
of minerals taken up during grain fill and directed 
to the grain as it is filling. Dry matter partitioning 
to grain was affected less than N and mineral par-
titioning to grain. Thus, another unanswered ques-
tion is how decreased expression of NAM genes af-
fects the translocation of N and minerals to grain. 
The pathways of N and minerals to grain are not 
fully defined (Waters and Sankaran 2011), and spe-
cific sites of phloem loading for transport to the 
grain are not known, although glumes, stem, roots, 
and leaves are all sources (Simpson et al. 1983). It 
is possible that N and minerals first move into the 
flag leaf to be directed into translocation pathways 
to the grain, which would make it easier to explain 
the relationship between the site of NAM expression 
and the effects of NAM knockdown. Since the NAM 
genes are transcription factors that potentially regu-
late a large number of direct target and downstream 
genes, in the future it may be possible to separate 
the effects on senescence onset from those on parti-
tioning and grain nutritional quality. Transcriptome 
analysis identified 691 differentially regulated genes 
during senescence between the WT and TaNAM-
RNAi (Cantu et al. 2011). It is unlikely that the NAM 
proteins directly regulate all of these genes, and 
some of them are probably part of secondary net-
works. Thus, increased knowledge of direct NAM 
targets and their downstream networks could en-
able targeting of specific components that may per-
mit selection for the beneficial effects of delayed se-
nescence while avoiding the detrimental effects on 
nutritional quality. 
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Supplemental resource 1.  Effect of genotype, TaNAM-RNAi or Wild-type (WT), on mineral concentrations in vegetative 
tissue and contents in vegetative tissue and seeds of plants grown in two greenhouse fertility studies.  Data are means over 
fertility treatments.  ANOVA was used to test significance of genotype effects. 
  Concentration in Vegetative Tissue at Anthesis (µg g
-1
) 
 Heat Stress Environment Optimal Temperature Environment 
Mineral TaNAM-RNAi WT TaNAM-RNAi WT 
Mg 2320 ± 60 2370 ± 60 2145 ± 56 2007 ± 56 
P 1480 ± 34.3 1550 ± 34.3 2708 ± 84 2703 ± 84 
S 2330 ± 110 2380 ± 110 3259 ± 99 3000 ± 99 
K 31000 ± 520 31400 ± 520 41807 ± 882 39965 ± 882 
Ca 5390 ± 140 5590 ± 140 5990 ± 205 5212 ± 205 
Mn 63.7 ± 2.6 62.1 ± 2.6 87.2 ± 3.2 80.5 ± 3.2 
Fe 53.5 ± 5.5 68.6 ± 5.5 56.3 ± 1.7 58.7 ± 1.7 
Cu 9.05 ± 1.07 8.79 ± 1.07 5.44 ± 0.25 4.82 ± 0.25 
Zn 23.0 ± 1.22 21.4 ± 1.22 27.2 ± 1.1 24.1 ± 1.1 
Mo 1.96 ± 0.08 2.03 ± 0.08 0.772 ± 0.086 0.917 ± 0.086 
Cd 0.310 ± 0.015 0.318 ± 0.015 0.371 ± 0.030 0.388 ± 0.030 
  
 Concentration in Vegetative Tissue at Maturity (µg g
-1
) 
 Heat Stress Environment Optimal Temperature Environment 
 TaNAM-RNAi WT TaNAM-RNAi WT 
Mg 3130 ± 80 2970 ± 70 2217 ± 65 2038 ± 70 
P 1240 ± 70 1330 ± 70 1148 ± 72 789 ± 78** 
S 4760 ± 150 4140 ± 140** 3682 ± 108 3124 ± 116** 
K 24000 ± 800 25000 ± 800 33438 ± 879 38860 ± 942** 
Ca 8280 ± 260 7610 ± 250 6686 ± 250 6571 ± 270 
Mn 90.4 ± 5.0 94.1 ± 4.8 111 ± 6 99.3 ± 6.0 
Fe 37.6 ± 1.1 36.0 ± 1.0 54.7 ± 13.2 56.7 ± 14.2 
Cu 6.91 ± 0.20 6.99 ± 0.19 6.54 ± 0.26 4.60 ± 0.28** 
Zn 17.9 ± 1.0 14.8 ± 0.9 11.1 ± 0.8 7.1 ± 0.8** 
Mo 2.82 ± 0.13 3.11 ± 0.12 1.95 ± 0.08 1.71 ± 0.09* 
Cd 0.442 ± 0.022 0.481 ± 0.021 0.555 ± 0.032 0.480 ± 0.034 
 
 
Supplemental  resource 1, continued 
 Content in Vegetative Tissue at Anthesis (µg plant
-1
) 
 Heat Stress Environment Optimal Temperature Environment 
Mineral TaNAM-RNAi WT TaNAM-RNAi WT 
Mg 2190 ± 120 1990 ± 120 6182 ± 336 4651 ±336 ** 
P 1400 ± 70 1290 ± 70 7925 ± 533 6314 ± 533 * 
S 2210 ± 140 2000 ± 140 9383 ± 496 6970 ± 496** 
K 29200 ± 1300 26200 ± 1300 120590 ± 4690 93030 ± 4390 ** 
Ca 5080 ± 280 4700 ± 280 17318 ± 934 11976 ± 934** 
Mn 60.2 ± 3.6 52.0 ± 3.6 251 ±13  185 ± 13** 
Fe 50.1 ± 4.6 57.5 ± 4.6 162 ± 9 136 ± 9 
Cu 8.31 ± 0.94 7.40 ± 0.94 16.0 ± 1.2 11.2 ± 1.2 ** 
Zn 21.6 ± 1.5 18.2 ± 1.5 78.8 ± 4.9 56.1 ± 4.9** 
Mo 1.88 ±  0.12 1.68 ± 0.11 2.22 ± 0.26 2.09 ± 0.26 
Cd 0.290 ± 0.020 0.269 ± 0.020 1.070 ± 0.075 0.875 ± 0.075 
  
 Content in Vegetative Tissue at Maturity (µg plant
-1
) 
 Heat Stress Environment Optimal Temperature Environment 
 TaNAM-RNAi WT TaNAM-RNAi WT 
Mg 4150 ± 155 2880 ± 149** 10137 ± 349 6627 ± 374** 
P 1640 ± 85 1260 ± 82** 5472 ± 390 2739 ± 419** 
S 6300 ± 240 3950 ± 233** 17206 ± 676 10349 ± 726** 
K 31400 ± 1240 24000 ± 1220** 154883 ± 4605 129110 ± 4605** 
Ca 10900 ± 417 7330 ± 403** 30541 ± 1201 21432 ± 1277** 
Mn 117 ± 7 92.5 ± 6.3** 504 ± 26 323 ± 28** 
Fe 49.8 ± 1.8 34.6 ± 1.7** 257 ± 42 178 ± 45 
Cu 9.21 ± 0.39 6.78 ± 0.38** 30.3 ± 1.4 15.1 ± 1.5** 
Zn 20.4 ± 1.0 14.0 ± 0.9** 50.4 ±3.5 24.5 ± 3.8** 
Mo 3.73 ± 0.20 3.08 ± 0.20* 9.00 ± 0.43 5.59 ± 0.46** 
Cd 0.621 ± 0.029 0.465 ± 0.028** 2.50 ± 0.14 1.57 ± 0.14** 
  
 Content in Seed at Maturity (µg plant
-1
) 
 Heat Stress Environment Optimal Temperature Environment 
 TaNAM-RNAi WT TaNAM-RNAi WT 
Mg 955 ± 40 935 ± 38 5924 ± 278 4935 ± 298** 
P 2300 ± 107 2450 ± 103 14878 ± 724 12363 ± 777** 
S 1150 ± 52 1180 ± 51 8053 ± 381 7055 ± 409* 
K 3720 ± 148 2790 ± 144** 27802 ± 1215 17637 ± 1292** 
Ca 387 ± 18 322 ± 17* 2661 ± 131 2050 ± 140** 
Mn 31.9 ± 1.5 32.4 ± 1.4 195 ± 10 172 ± 11 
Fe 24.4 ± 1.5 30.7 ± 1.4** 134 ± 8 137 ± 8 
Cu 2.87 ± 0.14 3.07 ± 0.14 14.4 ± 1.4 15.1 ± 1.5 
Zn 34.2 ± 1.7 35.3 ± 1.7 131 ± 6 113 ± 7* 
Mo 0.635 ± 0.042 0.802 ± 0.040** 3.19 ± 0.21 3.45 ± 0.22 
Cd 0.114 ± 0.008 0.140 ± 0.008* 0.751 ± 0.053 0.792 ± 0.057 
*, ** indicate that F-value for genotype effect is significant at p< 0.05 and 0.01, respectively
Supplemental resource 2.  Normalized partitioning coefficient for minerals in two greenhouse fertility studies. 
Heat Stress Environment, 
Fertility Normalized Partitioning Coefficient 
Genotype 
Fertility 
(mg N plant-1) Mg P S K Ca Mn Fe Cu Zn Mo Cd 
 
17.5 86.7 94.3 76.0 88.2 75.8 117.4 92.0 98.2 93.7 149.8 124.2 
 61.3 96.3 97.4 88.7 98.5 91.0 102.9 95.7 99.7 100.0 96.3 100.4 
 
105 112.4 107.0 128.0 109.6 125.2 85.7 109.1 101.1 105.5 63.9 81.4 
  
**(1)
a
 **(1) *(2) **(1) **(1) **(1) **(1) ns **(1) **(1) **(1) 
  
           
RNAi 17.5 76.5 94.6 63.5 97.7 70.4 110.9 76.4 86.7 89.4 126.1 109.0 
RNAi 61.3 88.2 98.4 81.7 99.5 88.2 104.2 85.2 91.1 103.4 85.4 85.7 
RNAi 105 107.2 100.4 103.9 119.0 119.7 72.9 95.4 94.8 99.3 57.8 61.6 
WT 17.5 96.8 94.0 88.5 78.7 81.3 123.9 107.7 109.7 98.1 173.6 139.4 
WT 61.3 104.3 96.4 95.6 97.4 93.7 101.6 106.3 108.2 96.7 107.2 115.1 
WT 105 117.5 113.6 152.1 100.2 130.7 98.6 122.8 107.3 111.6 70.0 101.2 
  
nsb ns *(2) ns ns ns ns ns *(2) ns ns 
*, ** indicate that F-value for effect is significant at p< 0.05 and 0.01, respectively; ns=non-significant 
†Values in parentheses indicate order of response to fertilizer rate: 1=first-order (linear); 2=second-order (quadratic) 
aindicates response to N rate across genotypes 
bindicates whether response to N rate was different between genotypes 
 
 
 
 
 
Supplemental  Resource 2 continued 
Optimal Temperature 
Environment, Fertility Normalized Partitioning Coefficient 
Genotype 
Fertility 
(mg N plant-1) Mg P S K Ca Mn Fe Cu Zn Mo Cd 
 
17.5 97.1 101.0 108.8 101.6 96.5 90.7 92.5 98.7 97.2 101.7 99.2 
 61.3 102.5 102.5 98.6 93.5 101.4 102.7 118.2 121.6 102.4 104.1 105.7 
 
105 102.5 97.8 93.5 103.1 104.7 110.4 100.6 89.5 101.7 98.6 100.0 
  
nsa ns **(1)† *(2) ns **(1) **(2) **(2) ns ns ns 
             RNAi 17.5 95.9 99.1 99.3 121.3 102.7 90.9 92.8 88.4 95.1 90.6 88.0 
RNAi 61.3 92.5 97.2 85.3 101.7 90.7 87.5 86.4 89.8 95.5 83.6 80.5 
RNAi 105 99.9 96.2 88.9 117.7 105.5 103.8 81.0 75.1 100.5 83.5 88.6 
WT 17.5 98.3 102.8 118.4 81.9 90.4 90.5 92.1 109.0 99.3 112.7 110.3 
WT 61.3 112.5 107.8 111.8 85.3 112.1 117.9 150.1 153.3 109.4 124.5 130.8 
WT 105 105.2 99.4 98.1 88.4 103.8 116.9 120.3 103.8 103.0 113.8 111.4 
  
*(2)b ns ns ns **(2) **(2) **(2) **(2) *(2) ns *(2) 
*, ** indicate that F-value for effect is significant at p< 0.05 and 0.01, respectively; ns=non-significant 
†Values in parentheses indicate order of response to fertilizer rate: 1=first-order (linear); 2=second-order (quadratic) 
aindicates response to N rate across genotypes 
bindicates whether response to N rate was different between genotypes 
 
Supplemental resource 3.  Effect of genotype, TaNAM-RNAi or Wild-type (WT), and water limitation on mineral concentrations seed in two greenhouse irrigation studies. 
Heat Stress 
Environment, 
Irrigation Concentration (ppm) 
  
Mg P S K Ca Mn Fe Cu Zn Se Mo Cd 
RNAi 
 
1311 3000 1809 5396 595 32.46 28.3 3.4 37.2 0.18 0.73 0.09 
WT 
 
1369 3521 2036 4434 505 37.49 42.3 4.1 43.1 0.28 1.07 0.14 
  
nsa ** ** ** ** * ** ** ns ** ** ** 
              
 
150 1191 2699 1792 4469 510 28.25 31.6 3.2 35.1 0.22 0.84 0.13 
 
250 1489 3822 2053 5362 590 41.70 39.1 4.3 45.2 0.24 0.96 0.11 
  
**b ** ** ** ** ** ** ** ** ns * * 
              RNAi 150 1153 2454 1611 4664 548 26.05 25.8 2.9 33.0 0.17 0.71 0.11 
RNAi 250 1469 3547 2007 6128 643 38.87 30.8 4.0 41.4 0.19 0.76 0.08 
WT 150 1229 2945 1973 4273 473 30.45 37.3 3.5 37.1 0.27 0.98 0.16 
WT 250 1509 4097 2099 4595 536 44.53 47.4 4.7 49.0 0.29 1.16 0.13 
  
nsc ns ** ** ns ns ns ns ns ns ns ns 
*, ** indicate that F-value for effect is significant at p< 0.05 and 0.01, respectively; ns=non-significant 
†Values in parentheses indicate order of response to fertilizer rate: 1=first-order (linear); 2=second-order (quadratic) 
aindicates whether concentration was different between genotypes across water treatments 
bindicates whether response to water treatment was significant across genotypes 
cindicates whether response to water treatment was different between genotypes 
 
 
 
Supplemental  resource 3, continued 
Optimal 
Temperature 
Environment, 
Irrigation Concentration (ppm) 
 
Mg P S K Ca Mn Fe Cu Zn Se Mo Cd 
RNAi 
 
1419 3143 1978 6659 680.3 40.09 30.08 2.705 29.43 0.193 0.722 0.137 
WT 
 
1544 3787 2345 5917 651.9 46.42 44.41 3.625 33.64 0.23 0.983 0.189 
  
*a ** ** ** ns ** ** ** ns * ** ** 
              
 
150 1385 3258 2147 5985 605.4 38.05 39.37 3.525 34.19 0.218 0.842 0.155 
 
250 1578 3671 2175 6591 726.9 48.45 35.12 2.805 28.88 0.205 0.864 0.171 
  
**b * ns ** ** ** ns ** ns ns ns ns 
              RNAi 150 1281 2757 1896 6057 614.7 34.94 30.8 7.892 31.61 0.195 0.712 0.137 
RNAi 250 1557 3528 2059 7261 746 45.24 29.36 2.45 27.25 0.19 0.733 0.138 
WT 150 1489 3759 2399 5913 596.1 41.17 47.94 4.088 36.76 0.24 0.972 0.173 
WT 250 1599 3814 2290 5921 707.8 51.66 40.88 3.161 30.51 0.22 0.995 0.205 
  
nsc ns ns ** ns ns ns ns ns ns ns ns 
*, ** indicate that F-value for effect is significant at p< 0.05 and 0.01, respectively; ns=non-significant 
†Values in parentheses indicate order of response to fertilizer rate: 1=first-order (linear); 2=second-order (quadratic) 
aindicates whether concentration was different between genotypes across water treatments 
bindicates whether response to water treatment was significant across genotypes 
cindicates whether response to water treatment was different between genotypes 
 
 
Supplemental resource 4.  Effect of genotype, TaNAM-RNAi or Wild-type (WT), and water limitation on seed mineral partitioning quotient in two greenhouse irrigation 
studies. 
Heat Stress 
Environment, Normalized Partioning Quotient 
Irrigation Mg P S K Ca Mn Fe Cu Zn Se Mo Cd 
RNAi 
 
97.8 98.0 89.2 118.9 106.0 96.3 81.2 88.4 96.8 78.7 88.1 83.8 
WT 
 
103.7 102.8 115.3 80.4 95.6 105.8 120.9 113.8 103.8 124.2 115.8 120.4 
  
nsa ns ** ** ns ns ** * ns ** ** ** 
              
 
150 101.9 101.7 119.2 89.3 104.0 106.7 104.0 102.6 100.3 108.0 117.3 116.5 
 
250 99.6 99.1 85.3 110.0 97.6 95.4 98.1 99.6 100.4 94.9 86.5 87.8 
  
nsb ns ** ** ns ns ns ns ns ns ** ** 
              RNAi 150 91.5 96.0 97.9 96.7 100.3 95.5 80.3 81.6 93.6 80.4 98.3 91.2 
RNAi 250 104.1 100.1 80.6 141.1 111.7 97.2 82.0 95.2 100.0 77.0 77.8 76.3 
WT 150 112.4 107.5 140.6 81.9 107.7 117.8 127.6 123.6 107.0 135.5 136.3 141.7 
WT 250 95.1 98.2 90.1 78.9 83.5 93.7 114.2 103.9 100.7 112.9 95.3 99.2 
  
**c * * ** ** ns * ns ns ns ns * 
*, ** indicate that F-value for effect is significant at p< 0.05 and 0.01, respectively; ns=non-significant 
aindicates whether normalized partitioning quotient was different between genotypes across water treatments 
bindicates whether response to water treatment was significant across genotypes 
cindicates whether response to water treatment was different between genotypes 
 
Supplemental resource 4, continued 
Optimal 
Temperature 
Environment, Normalized Partitioning Quotient 
Irrigation Mg P S K Ca Mn Fe Cu Zn Se Mo Cd 
RNAi 
 
94.0 96.8 88.2 106.4 97.9 92.1 78.2 73.5 97.8 85.6 87.4 88.3 
WT 
 
106.4 102.6 110.6 95.0 103.0 107.5 121.3 125.4 101.7 113.1 111.5 111.7 
  
**a ** ** * ns ** ** ** ns ** ** ** 
              
 
150 94.3 102.7 103.6 92.6 91.2 99.4 93.3 95.5 102.7 102.8 101.8 94.4 
 
250 106.0 96.8 95.2 108.7 109.7 100.1 106.2 103.4 96.9 95.9 97.2 105.6 
  
**b ** ** ** ** ns * ns ns ns ns ** 
              RNAi 150 84.5 98.8 89.1 92.9 86.0 91.0 70.8 83.1 100.0 90.6 93.4 86.1 
RNAi 250 103.4 94.9 87.4 119.8 109.8 93.2 85.6 63.8 95.5 80.7 81.5 90.4 
WT 150 104.2 106.6 118.1 92.3 96.4 107.8 115.7 107.8 105.3 115.1 110.3 102.6 
WT 250 108.6 98.7 103.0 97.7 109.6 107.1 126.8 143.0 98.2 111.1 112.8 120.8 
  
nsc ns * * ns ns ns ** ns ns ns ns 
*, ** indicate that F-value for effect is significant at p< 0.05 and 0.01, respectively; ns=non-significant 
aindicates whether normalized partitioning quotient was different between genotypes across water treatments 
bindicates whether response to water treatment was significant across genotypes 
cindicates whether response to water treatment was different between genotypes 
 
